The in vivo mutagenicity of 7-hydro-8-oxo-2'-deoxyguanosine (8-oxodG) and N-(guanin-8-yl)-N-acetyl-2-amlnofluorene (8-AAFdG) in human cells was determined by transfecting various cell lines with plasmids that carried a single adduct at a defined site. 8-OxodG Is one of the many DNA modifications formed by oxygen radicals, and was found to be highly miscoding during replication with purified DNA polymerases in vitro. Here we show that the frequency of mutations induced by 8-oxodG during replication in vivo is at most only 2% above background. The most predominant mutation found was a single G-T transversion. The frequency of this transversion was found to be 3 to 5-fold increased in excision repair deficient XP-A cells. Interestingly, also the replication of 8-oxodG containing plasmids was significantly impaired (approximately 4-fold) in the XP-A cells, but not in HeLa cells, normal fibroblasts or XP-A revertant cells. When 8-AAFdG containing plasmids were used, the mutation frequencies did not exceed background levels (less than 2%) with any of the cell lines tested. The presence of 8-AAFdG almost completely inhibited plasmid replication (more than 50-fold) in XP-A cells. Apparently, both 8-AAFdG and 8-oxodG are not or poorly repaired in these cells, causing a block of DNA replication. This suggests that both lesions are substrates for excision repair, although to a varying extent.
INTRODUCTION
In each cell reactive oxygen radicals are continuously generated as a byproduct of normal cellular processes or as the consequence of exposure to ionizing radiation or chemical compounds (1, 2) . These radicals can cause extensive DNA damage; 7-hydro-8-oxo-2'-deoxyguanosine (8-oxodG) is one of the approximately 20 different DNA modifications formed. Evidence has been provided for a correlation between the formation of 8-oxodG in DNA and tumorigenesis (3) . It has already been shown that 8-oxodG misinstructs DNA polymerases both during in vivo replication in E.coli and in in vitro assays with purified DNA polymerases. In these experiments, the single 8-oxodG primarily induced a G-T transversion (4) (5) (6) (7) .
Recently, an endonuclease was isolated from E.coli cell extracts that specifically incised ds oligodeoxynucleotides both 5' and 3' of the 8-oxodG moiety (8) . Tchou et al subsequently showed that the properties of this endonuclease were similar to those of the formamidopyrimidine DNA glycosylase (or FPG protein) (9) . Furthermore, data from Czeczot et al (10) indicated that both the FPG protein and the UvrABC repair pathway contribute to the removal of methylene blue plus visible light induced damage (presumably 8-oxodG) from pBR322 in E.coli in vivo. Thus, bacteria possess a specific repair system in order to cope with the deleterious effects of this potentially harmful DNA modification.
A similar glycosylase activity has also been proposed to exist in mammalian cells (1, 8, 9) . The need for repair in vivo is obvious in view of the extremely high mutation frequencies (nearly 100%) found with in vitro replication of 8-oxodG containing templates by mammalian DNA polymerases a, /3 and 8 (7) . However, so far evidence for active repair is scarce and indirect; the elevated levels of 8-oxodG formed in mouse liver DNA decreased to background levels within 90 min after 7-irradiation. In addition, the secretion of the modified base in the urine of rodents is regarded to be the result of specific repair (9, 11, 12) . Here we describe the in vivo mutagenicity of single 8-oxodG residues in different human cell types, including excision repair deficient xeroderma pigmentosum complementation group A (XP-A) cells.
We performed a similar analysis for N-(guanin-8-yl)-Nacetyl-2-aminofluorene (8-AAFdG). This bulky DNA lesion is expected to be removed by DNA excision repair. In vitro excision of 8-AAFdG by the E. coli UvrABC excision repair complex has been demonstrated (13) and Coverly et al (14) showed that sitespecific 8-AAFdG residues are repaired in HeLa cell extracts.
To whom correspondence should be addressed Very recently, Mah et al (15) reported that in human cells 8-AAFdG lesions are only very mutagenic in specific sequence contexts (mutational hotspots) and proposed that the majority of the lesions in other sequences are removed by excision repair. If there is no repair, as might be expected for XP-A cells, the presence of 8-AAFdG may impair plasmid replication. Several groups showed that just a few randomly localized 8-AAFdG lesions can already severely inhibit replication of the phage 0X174 in E.coli or of SV40 genomes in monkey kidney cells (16) (17) (18) . We have monitored the effects of a single 8-AAFdG residue on repair and replication of plasmids in both normal and repair deficient cells. Our analysis suggests a major role for DNA excision repair in the removal of both 8-AAFdG and 8-oxodG prior to replication.
MATERIALS AND METHODS Enzymes
All restriction enzymes, T4 DNA ligase, T4 polynucleotide kinase, Klenow enzyme, spleen phosphodiesterase, alkaline phosphatase, nuclease PI and Venom phosphodiesterase were obtained from Boehringer Mannheim.
Cells
HeLa cells were obtained from the American Type Culture Collection and cultured in DMEM supplemented with 10% fetal calf serum, 50 IU/ml penicillin and 50 /tg/ml streptomycin. SV40 transformed normal human fibroblasts (SV40 WT Amsterdam) and XP-A cells (XP2OS-SV) were a gift from Dr. J.H.J.Hoeijmakers (Erasmus University, Rotterdam). These cells were grown in DMEM containing 7% fetal calf serum. The XP-A revertant cells (XP2OS-SV clone A24) were a gift from Dr. P.B.G.M.Beit (University of Leiden) and cultured under the same conditions as the parental XP2OS cells. Hanahan competent E.coli DH5a cells were obtained from Gibco-BRL (transformation efficiency 10
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Plasmids
Plasmid pSVsupF-A is described previously and carried the sitespecific 8-oxodG or 8-AAFdG moieties (19) . Plasmid pSVctr was derived from pSVsupF-A after replacement of the pAT153 sequences by the 2550 bp Clal-Hincll fragment of pACYC184 (20) . This plasmid carries the chloramphenicol resistance gene, the pi5A replication origin and the complete early region plus origin of replication from SV40. It served as internal unmodified control.
Synthesis and analysis of oligodeoxynucleotides
Oligodeoxynucleotides containing the single 8-oxodG and the unmodified control oligodeoxynucleotides ( Figure 1 ) were synthesized as described previously by Roelen et al (21) . The oligomer with the single 8-AAFdG residue was obtained by reacting 4 equivalents of a solution of the unmodified oligonucleotide (5 mg/ml) in 0.1 M NaAc, pH 6 with 3 equivalents of N-acetoxy-AAF (27 mg/ml) dissolved in ethanol at 40°C, O/N. After centrifugation, the liquid phase was extracted three times with ether. All oligodeoxynucleotides were purified on a Pharmacia PEP-RPC FPLC column using a buffer of 0.1M triethylammonium acetate (pH 6.9-7.0) with a linear gradient of 10 -35% acetonitrile. The deoxynucleoside composition was verified by enzymatical hydrolysis and HPLC analysis as described previously (19) .
Mass spectrometry Typically a sample in aqueous acetonitrile with 1 % ammonia added was injected into an eluent of 50% aqueous acetonitrile (with 1 % formic acid added) flowing at 5 /il per minute to the ionisation source through a capillary. The tip was held at 3.5 kV.
Introduction of single adducts into plasmids
Preparation of pSVsupF-A gapped duplex molecules, phosphorylation of the ss oligodeoxynucleotides and subsequent ligation into the gapped duplexes was performed as described by us before (19) . All modified constructs were purified on CsCl gradients and the presence of the adducts was verified by restriction fragment analysis using enzymes that recognize different sites in the oligodeoxynucleotide sequence.
Determination of the mutagenicity
Cells were seeded into 60 mm tissue culture dishes and transfected 24 hours later at approximately 60% confluency. Transfections were performed using the calcium phosphate coprecipitation technique as described by Chen and Okayama (22) ; per dish 6 fig of DNA was added: 1 -1.5 jtg unmodified or modified pSVsupF-A, 1-4.5 /tg pSVctr control plasmid and the rest pACYC184 as carrier. Cells were washed twice after 16 hours. After 8-24 hours additional growth, the cells were trypsinized and divided over two new dishes. Cells were lysed after 68 hours and the plasmid DNA was reisolated using a modified Hirt extraction (19, 23) . The complete DNA isolate was digested with Dpnl in order to remove unreplicated material. One-tenth was additionally digested with Clal. Both an uncleaved and a Clal cleaved portion were transformed in parallel into Hanahan competent E.coli DH5a cells. The mutation frequency was calculated from the relative numbers of colonies obtained in both transformations (m.f. = no. of col. from Clal digested material/ no. col. from uncleaved material x 100%). The mutational analysis was carried out both by restriction fragment analysis of the reisolated DNA clones and ds dideoxy sequencing (24) . Per lesion and per celltype, 10-30 mutant clones were subjected to the restriction fragment analysis and of these 1-10 were sequenced.
Replication inhibition of modified plasmids
The damage-carrying plasmid contained the /J-lactamase (ArnpO gene, while the unmodified control carried the chloramphenicol (CmO gene. The ability of both plasmids to replicate can be measured from the relative amounts of progeny obtained. E.coli cells transformed with uncleaved material were therefore selected for both Amp-and Cm-resistance. The numbers of Amp-and Cm-resistant colonies were taken as representative for the amount of progeny derived from modified plasmids and unmodified controls, respectively. The relative replication of the modified plasmids was expressed as: no. of Amr/ col. per /ig DNA / no. of Cm r col. per /ig DNA. Average values for each cell type were calculated from 2-4 independent experiments, with the subsequent E.coli transformations performed in duplo.
RESULTS
Construction and analysis of the site-specific modified plasmids
The single 8-oxodG or 8-AAFdG was inserted into the plasmids via the ligation of single stranded (ss) chemically synthesized oligodeoxynucleotides that carried these moieties. Figure 1 shows AATTCATCSATATCTA. These were purified on a Pharmacia PEP-RPC column using a buffer of 0.1 M triethylammonium acetate (pH 7) with a linear gradient of 10-35% acetonitrile. Subsequent analysis occurred using the same conditions, c) HPLC analysis of enzymatically hydrolyzed oligodeoxynucleotides. After digestion to composing nucleosides, preparations were run on a Supelco LC-18S column using a buffer of 40 mM ammonium acetate, 1% methanol with a gradient of 5-50% acetonitrile.
5-G GATCT-3'
the sequence of the oligodeoxynucleotides and their FPLC profiles. All oligomers were enzymatically hydrolyzed to deoxynucleosides and analyzed on HPLC (Figure 1 ). In both adducted samples, all oligodeoxynucleotide molecules contained a single modified dG, which had the appropriate UV spectrum and comigrated with the reference nucleoside on HPLC (data not shown). In figure 1 the UV absorption pattern at 260 nm is shown. At this wavelength the absorption of dG, 8-oxodG and 8-AAFdG differs significantly due their different extinction coefficients. This results in the observed variation in signal for the unmodified and modified dG's. The presence of the single 8-oxodG was also verified by mass spectrometry (Figure 2) . Incorporation of the oligomers into the 16 nucleotide gapped region of pSVsupF-A molecules was performed as described before (19) . The resulting plasmids were analyzed by restriction enzyme digestions. Constructs that contained either one of the lesions in the Clal recognition sequence were refractory to cleavage by Clal, as compared to wt controls. However, enzymes cutting at the borders of the oligodeoxynucleotide sequence did cleave these plasmids (data not shown).
Mutagenicity of 8-oxodG and 8-AAFdG
The unmanipulated (wt) vectors, constructs with an unmodified oligodeoxynucleotide or the adduct-containing plasmids were transfected into HeLa cells, SV40 transformed normal fibroblasts, SV40 transformed excision repair deficient XP-A cells (XP2OS-SV) and XP-A revertant cells (XP2OS-SV clone A24). The UV survival capacity of the latter cell type is restored to nearly that of repair proficient cells (25) . Progeny plasmids were reisolated from the cells 72 hours after transfection and treated with Dpn I in order to ensure that unreplicated molecules are excluded from further analysis. (19) . DpnJ specifically cuts DNA that carries the E.coli da/n-methylation pattern. This pattern is lost upon replication in eukaryotic cells. Since the lesions were located at the Clal site, we determined the mutagenicity from the relative number of Clal resistant clones among the total amount of replicated plasmids as described in materials and methods.
The mutation frequencies obtained for untreated plasmids were in all cases low, <0.2 to < 1%. Since we did not analyze all selected clones, these frequencies could be even lower as was also the case in earlier experiments (19) . Insertion of an unmodified oligomer increased the mutation frequency up to 2%. The frequencies of mutations among progeny from both 8-oxodG and 8-AAFdG containing constructs were also relatively low; 2 -4 % and < 1 %, respectively (Table I) . From the transfections of 8-AAFdG containing constructs into the repair deficient XP2OS cells we obtained only a few progeny clones. Upon further analysis, none of these appeared to be a mutant. Figure 3 shows the sequence alterations found in the mutant DNA's. An analysis of the spontaneously induced mutations was not included, since their frequency was much lower than those found in the rest of the experiments. The analysis of the mutants obtained after insertion of unmodified oligomers revealed that the alterations mostly consisted of either a single bp substitution randomly distributed over the Cla I sequence or 1 bp substitutions combined with small deletions (data not shown). These mutational patterns were similar to those found in control experiments performed previously (19) .
Among progeny derived from 8-oxodG containing plasmids we found a substantial amount of single G -T transversions at the position of the modified dG (group I). A few mutants carried other point mutations or a G-T transversion plus a 2 bp deletion (group IT). Finally, approximately 1/3 of the mutations (=1%) consisted of small deletions combined with multiple bp substitutions (group HJ). Table II shows the absolute frequencies and numbers of the specific G-T transversion among the total amount of progeny obtained from 8-oxodG containing plasmids and unmodified controls. For all cell lines the occurrence of the specifically induced transversion appeared to be (up to 10-fold) increased as compared to the controls and additionally increased for XP-A cells ( = 2.5% vs = 0 . 5 -1 % for the other cell lines).
We could not detect a specific pattern among the 8-AAFdG induced mutations. Part of the mutations were single or double point mutations at the Clal site. The other mutants carried the same characteristic multiple mutation pattern, which was also found with the mutational analysis of 8-oxodG.
Inhibition of plasmid replication
In all transfections the unmodified pSVctr plasmid was cotransfected as internal control, in order to monitor specific replication impairment of plasmids carrying the adducts. Since the two plasmids carried different E.coli selectable markers (conferring ampicillin (Amp)-and chloramphenicol (Cm)- 
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These were calculated from the fraction of progeny clones that harboured an alteration in the unique Clal sequence at which the adducts were initially located (see materials and methods).
resistance, respectively), the relative amount of progeny derived from either one of the two plasmids could be easily determined by plating transformed E.coli cells on Amp-and Cm-containing agar plates (see materials and methods). Figure 4 shows the average values for the replication of wt and 8-oxodG or 8-AAFdG containing plasmids relative to the unmodified, internal control. In all cases, these values were below 1 and seemed to differ with These were calculated from the overall mutation frequencies (see table I ) and the relative number of clones carrying this transversion (as determined by sequencing and restriction fragment analysis). The expected values were based on the fact that this G-T transversion is one of the approximately 20 different (point) mutations that can contribute to the overall mutation frequency at the Clal site.
the type of human cell in which the plasmids had replicated. Insertion of an unmodified oligodeoxynucleotide had no effect on the replication of the plasmids, since similar results were obtained with the wt untreated plasmid (data not shown). The presence of either one of the two lesions did not result in a significant reduction in the yield of progeny plasmids in the repair proficient cell lines and the XP-A revertant cells. Here, the ratios were comparable to those determined for the parallel experiment with two unmodified plasmids. In the XP-A cells, however, there was a significant difference in the values obtained for modified constructs as compared to the control. The replication of plasmids with an 8-oxodG was approximately 4-fold reduced, whereas a more than 50-fold reduction was observed for 8-AAFdG containing plasmids. 
DISCUSSION
The in vivo mutagenicity of single 8-oxodG and 8-AAFdG residues in several human cell lines was determined. Although the overall mutation frequency found for 8-oxodG modified constructs appeared to be only slightly higher than background levels, among the progeny derived from modified plasmids we found a clearly elevated number of a specific G-T transversion targeted to the position of the modified nucleotide (see table II) . From this we calculated that the presence of 8-oxodG resulted in the induction of 1 -2% G-T transversions during replication in normal cells (the average of 2 X = 0.5 -1 %, assuming that only the adducted strand will yield mutants and that progeny is equally derived from both strands of the plasmid). This specific transversion was also found by other groups in in vitro replication experiments and in in vivo mutagenicity assays in E.coli (4) (5) (6) (7) 26) . Apparently, 8-oxodG has a similar miscoding capacity in different systems. However, in contrast to the almost 100% mutagenicity found with human DNA polymerases in vitro (7) , in vivo 8-oxodG is repaired rather efficiently. For other experimental systems it has been described that 8-AAFdG can cause different mutations, the most prominent being 1 or 2 bp frameshifts and 1 bp substitutions (G-T, G -A and G-C) at or adjacent to the position of the damaged nucleotide (15, 16, (27) (28) (29) . Our data are not at variance with the reported mutation spectra. However, since both the frequency as well as the type of mutations of the 8-AAFdG containing plasmid are similar to those of the control plasmid with an unmodified oligomer inserted (19), we cannot draw firm conclusions on the mutagenicity of 8-AAFdG in the system we used, except that it is relatively low. The multiple mutations (figure 3, group D3) found for both adducts have also been noted in previous experiments in which the mutagenicity of O^-ethylthymine was measured (19) . These mutations appeared to be related to the ligation of the oligodeoxynucleotides into the gapped duplex plasmids per se\ The low mutation frequencies observed for both adducts indicate that they are repaired before replication. The fact that the amount of progeny derived from the modified plasmids is strongly reduced in XP-A cells suggests that normally the adducts are removed via excision repair. Apparently, lesions on episomally replicating plasmids are accessible to the DNA excision repair machinery just as lesions in chromosomal DNA.
The data obtained for 8-AAFdG indicate that this lesion is removed by excision repair exclusively. In repair proficient cells the lesion is removed before replication, and, consequently, neither causes mutations nor inhibits replication; in XP-A cells this lesion persists, preventing bypass of replication. This could be directly due to the inhibitory effects of the lesion itself or indirectly, probably as the consequence of the stable binding of the defective DNA repair protein to the site of damage, as it appears that the XP-A protein binds to DNA (30) . The fact that the replication block is relieved in XP-A revertant cells supports the notion that this effect is attributable to the deficiency in the functional XP-A protein (which results from an aberrantly spliced mRNA in the XP2OS cells we used (31, 32) ). Furthermore, since the block in replication is almost complete, excision repair has to take place before replication can proceed. Our data are supported by results of others which have shown that plasmids, randomly damaged by UV-irradiation or cis-Pt treatment, replicate less well in XP-A cells (of another lineage) (33, 34) . The few progeny clones we obtained from the XP-A cells in our study might have been derived from 'contaminating' undamaged plasmids, because these clones all carried the wt sequence.
For 8-oxodG the situation appears more complex. Our data are consistent with the active removal by repair. To date, it has been proposed that in mammalian cells this repair is mediated by a glycosylase, as is the case in E.coli (9, 11) . Our results suggest that 8-oxodG is predominantly removed by excision repair. However, since we did not observe a complete block of plasmid replication in XP-A cells, a second repair mechanism (e.g. a glycosylase) might also be involved. Recent observations by Czeczot et al (10) indicate that this might also be the case in E.coli where both excision repair and the FPG DNA glycosylase contribute to the removal of methylene blue plus visible light induced DNA damage, presumably 8-oxodG. Kow et al demonstrated that another oxidative DNA lesion, thy mine glycol, is also recognized by the UvrABC excision repair complex from E.coli in vitro (35) . Alternatively, a certain amount of the 8-oxodG residues could have been in a (non mutagenic) conformation not triggering excision repair. However, the concomitant increase in the frequency of specific G-T transversions and the replication inhibition of 8-oxodG containing plasmids in XP-A cells indicate that the majority of the 8-oxodG lesions is removed by excision repair. Our results suggest that the mutations induced by 8-oxodG are predominantly the result of a second (error prone) repair mechanism, on which XP-A cells have to rely more heavily in view of their defect in excision repair.
Although the repair of 8-oxodG is relatively efficient in normal cells, still 1 -2 % of the modified dG's is substituted by a T. This seems in accordance with a report by Fraga et al (11) in which it was calculated that 1 out of 54 8-oxodG residues remains unrepaired in rat kidney cells. Assuming that these unrepaired 8-oxodG's have the same high mutation frequency as in vitro (100%) (7), this would yield an overall in vivo mutation frequency of 2%. Since the steady state levels of 8-oxodG in HeLa cell DNA have been estimated to be around 1 adduct per 10 5 dG's per cell, (11, 12) , the 2% mutation frequency we observe would mean that per cell division approximately 200 dG's are mutated (2.10~7 per G:C bp). However, for the chromosomal HPRT gene the bp substitution frequency has been measured to be = 2.10" 9 (36, 37) , which is « 100-fold lower than the 8-oxodG induced mutation frequency we calculated above. This might for instance be caused by a relative inefficiency of the repair system to correct adducted nucleotides within the plasmid shortly after transfection before the first round of replication has occurred (38) . In spite of the quantitative discrepancies, our results support the notion that the mutation induction by 8-oxodG might contribute to the aging and degenerative effects associated with oxidative stress in organisms with a long lifespan.
